Abstract. The membrane lipid environment and lipid signaling pathways are potentially involved in the modulation of the activity of the cardiac Na + -Ca 2+ exchanger (NCX). In the present study biophysical mechanisms of interactions of amphiphiles with the NCX and the functional consequences were examined. For this purpose, intracellular Ca 2+ concentration jumps were generated by laser-flash photolysis of caged Ca 2+ in guinea-pig ventricular myocytes and Na + -Ca 2+ exchange currents (I Na/Ca ) were recorded in the whole-cell configuration of the patchclamp technique. The inhibitory effect of amphiphiles increased with the length of the aliphatic chain between C 7 and C 10 and was more potent with cationic or anionic head groups than with uncharged head groups. Long-chain cationic amines (C 12 ) exhibited a cut-off in their efficacy in I Na/Ca inhibition. Analysis of the time-course, comparison with the Ni 2+ -induced I Na/Ca block and confocal laser scanning microscopy experiments with fluorescent lipid analogs (C 6 -and C 12 -NBD-labeled analogs) suggested that amphiphiles need to be incorporated into the membrane. Furthermore, NCX block appears to require transbilayer movement of the amphiphile to the inner leaflet (''flip''). We conclude that both, hydrophobic and electrostatic interactions between the lipids and the NCX may be important factors for the modulation by lipids and could be relevant in cardiac diseases where the lipid metabolism is altered.
Introduction
The NCX is a membrane-spanning protein that is expressed in almost every mammalian cell and generates a bi-directional transport of Na + and Ca 2+ . In heart muscle cells it is established that under physiological conditions the NCX catalyzes the electrogenic countertransport of 3 Na + for 1 Ca 2+ (Reeves & Hale, 1984; Hinata et al., 2002; Kang & Hilgemann, 2004 , but see Fujioka, Komeda & Matsuoka, 2000) . The direction of the net ionic flux is determined by the membrane potential and by the transmembrane gradients for Na + and Ca 2+ (see Egger & Niggli, 1999a for a review). In cardiac myocytes this ion transport system plays a central role in the calcium homeostasis and in muscle relaxation (Bers, 2001) . In addition, it may also be involved in excitation-contraction coupling (Leblanc & Hume, 1990; Niggli, 1999) . Ca 2+ , which is entering the cells via L-type Ca 2+ channels during an action potential, has to be removed from the cytosol to ensure diastolic relaxation (Crespo, Grantham & Cannell, 1990) . It has been shown that the NCX can remove this ''trigger'' Ca 2+ rapidly because of its high turnover rate (Bridge, Smolley & Spitzer, 1990) .
Mainly due to the lack of a highly specific inhibitor of NCX, its exact role in cardiac physiology as well as in pathophysiology are not yet completely understood. In addition, molecular details of the ion binding and translocation steps are not clear. How the exchanger protein functions at the molecular level and how it is regulated or modulated to ensure normal heart muscle function are the subject of intense investigations. In this context, it is not surprising that NCX was found to be a target of the cellular remodelling process during cardiac hypertrophy and failure (Hobai & O'Rourke, 2000; Pogwizd et al., 2001 ; Go´mez et al., 2002) . Although a specific pharmacological agent for the exchanger is currently not available, it was found that NCX can be non-specifically blocked by di-and trivalent cations, by pH, andby some organic agents, for example 3¢,4¢-dichlorobenzamil (DCB) and KB-R7943 (Egger & Niggli, 1999a) . Additionally, regulatory or modulatory factors (e.g., phosphorylation, changes in the cell membrane lipid compositions) may play a role in the regulation and/or ''fine-tuning'' of the exchanger function under physiological as well as under pathophysiological conditions (Hilgemann & Collins, 1992; Collins & Hilgemann, 1993) .
Interestingly, changes in sarcolemmal fatty acid and lipid composition, which may affect NCX activity, have been observed during ischemia (Bersohn, Philipson & Weiss, 1991; Van der Vusse, Van Bilsen, & Reneman, 1994) . As an example, lysophosphatidylcholine has been shown to be present in only small quantities in normal heart, whereas it is rapidly accumulated during ischemia (McHowatt et al., 1993; Carmeliet, 1999 ). Yet, the precise mechanism of the lipid metabolites targeting the NCX has not been determined conclusively. At pathophysiological concentrations, lysophosphatidylcholine can modify the function of the exchanger in lipid bilayer membranes, an effect that cannot be due to receptor-mediated mechanisms (Fukushima et al., 2001 ). These observations raise the question, to what extent direct effects of amphiphilic lipid metabolites on membrane protein functions should be ascribed to binding to the exchanger protein from the water phase and to what extent these compounds could act more indirectly, by altering the biophysical properties of the lipid phase of the cell membrane.
The goal of the present study was to examine the interactions of amphiphiles with NCX more directly. For this purpose, intracellular Ca 2+ concentration jumps were generated by laser-flash photolysis of caged Ca 2+ in guinea-pig ventricular myocytes. The resulting Na + -Ca 2+ exchange currents were recorded in the whole-cell configuration of the patch-clamp technique. Because of the complexity of the potentially involved cellular lipid signalling pathways a range of fluorescent-labelled and simple amphiphilic substances with different carbon chain lengths and different head groups was used to explore biophysical interactions with NCX. We found that NCX current can be blocked with amphiphiles with an efficacy that varies with their carbon chain length. In addition, positively and negatively charged head groups appeared to be more effective blockers than those carrying no charge. We conclude that in addition to hydrophobic and electrostatic interactions, which may be important factors for NCX modulation or regulation by lipids, charged lipids could also directly interact with the exchanger, or alternatively via NCX associated molecules. Moreover, the analysis of the time-course of inhibition and recovery of NCX current by using fluorescently-labelled phospholipid analogs and various aliphatic amphiphiles suggested that amphiphiles need to be incorporated and to flip to the inner leaflet of the membrane to exert their activity on NCX, possibly by interacting with the intracellular loop of NCX, which is known to be the target of many modulatory mechanisms (Matsuoka et al., 1993 (Matsuoka et al., 1997 . Preliminary results have been presented to the Biophysical Society in abstract form (Egger & Niggli, 1999b) .
Materials and Methods

CELL ISOLATION AND SOLUTIONS
Cardiac ventricular myocytes were isolated from guinea-pig hearts using an enzymatic dispersion technique (Mitra & Morad, 1985) . The experiments were performed according to the Swiss Animal Protection Law and with the permission of the State Veterinary Office, Bern, Switzerland. After heparinization, the guinea-pigs were killed by cervical dislocation and the heart was quickly removed and mounted on a Langendorff apparatus. The heart was perfused for 5 min at 37°C with a nominally Ca 2+ -free perfusion solution containing (in mM): NaCl 135; KCl 5.4; MgCl 2 1; NaH 2 PO 4 0.33; HEPES 5; glucose 11; pH adjusted to 7.4 with NaOH. Collagenase B (0.4 mg/ml, Boehringer Mannheim, Rotkreuz, Switzerland) and protease type XIV (0.04 mg/ml, Sigma, Buchs, Switzerland) were used for the enzymatic digestion and added to the perfusion solution for 6 min. After the heart became flaccid, it was removed and placed in a perfusion solution containing 200 lM CaCl 2 , then cut into small pieces and placed on a rocking table to allow for dissociation of the tissue. Cells were taken from the supernatant and transferred into a recording chamber with a glass coverslip and mounted onto the stage of an inverted microscope (Diaphot TMD, Nikon, Ku¨snacht, Switzerland). Isolated Ca 2+ -resistant cardiac myocytes were constantly superfused with extracellular solution containing (in mM): NaCl 140; KCl 5; CaCl 2 1.8; CsCl 2 1.0, BaCl 2 0.5; HEPES 10; glucose 10; pH adjusted to 7.4 with NaOH. All experiments were performed at room temperature (20-22°C).
AMPHIPHILES
Heptylamine, octylamine, decylamine, dodecylamine, heptanol, octanol, dodecanol, oenantic acid, caprinic acid, lauric acid were purchased from Fluka (Buchs, Switzerland), decanol and acetylcarnitine from Sigma (Buchs, Switzerland). Stock solutions of these compounds were made in water or ethanol, according to the instructions of the manufacturers. l-Oleyl-2-hydroxy-sn-glycero-3-phosphate (LPA) and l-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC) were purchased from Avanti Polar Lipids (Alabaster, AL) and stock solutions were made in chloroform. NBDC 6 -HPC (2-(6-(7-nitrobenz-2-oxa-l,3-diazol-4-yl)amino)hexanoyl-l-hexadecanoyl-sn-glycero-3 phosphocholine) and NBDC 12 -HPC (2-(12-(7-nitrobenz-2-oxa-l,3-diazol-4-yl)amino)dodecanoyll-hexadecanoyl-sn-glycero-3-phosphocholine) were purchased from Molecular Probes (Eugene, OR) diluted in chloroform. Drugs were delivered to the cells by means of a gravity-driven rapid superfusion system located in the vicinity (200 lm) of the cell examined. For controls for solubility, the octanol partition coefficients were obtained by using the online version of LogKow Program (http://esc-plaza.syrres.com/interkow/logkow. htm). 2+ exchange function in myocytes after naturally occurring amphiphile treatment.(A) I Na/Ca stimulation after 90 s treatment with 3 lM lysophophatidic acid (LPA, 1-oleyl-2-hydroxy-sn-glycero-3-phosphate, a naturally occurring amphiphile). (B) I Na/Ca block after 60 s and 90 s treatment with 3 lM lysophosphatidylcholine (LPC, 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine). (C) I Na/Ca block after 80 s treatment with 50 lM acetylcarnitine. I Na/Ca was induced by an intracellular Ca 2+ jump due to laser flash photolysis of DM-nitrophen and was recorded at )40 mV. As shown in the insets, I Na/Ca can be separated into two components, the fast one (within the first 2 ms after the flash), which is due to the Ca 2+ photo-release, and the slow component due to the subsequent CICR. Please note that unlike in all other experiments, these cells were not pre-treated with thapsigargin. (D) The time course of I Na/Ca stimulation and inhibition by: 3 lM LPA (j), 3 lM LPC (d), 50 lM acetylcarnitine (¤), control (s). The data were fitted with a monoexponential function (LPC: s=17 ± 5.1 s, n=5; acetylcarnitine: 9.2 + 2.6 s, n =5). (E) Biophysical interaction of amphiphiles with biomembranes and the Na + -Ca 2+ exchanger. Amphiphiles can interact with the Na + -Ca 2+ exchanger in different ways: (1) by interactions of amphiphiles with the NCX protein from the water phase of the extracellular space (reversible binding by Van der Waals or steric interactions); (2) by incorporation of the amphiphiles into the membrane bilayer and interaction with the NCX protein via modification of surface charge, which could lead to changes in local ion concentration (e.g., Ca 2+ accumulation); (3) by incorporation of the amphiphiles and subsequent lipid-protein interaction from the lipid phase; (4) after a flip to the inner leaflet of the membrane, interactions 1-3 are also possible from the inner side of the membrane; (5) the NCX could also be affected via lipid-phase transitions or membrane lipid separations (e.g., ''lipid rafts'', Simons & Toomre, 2000).
UV-LASER FLASH PHOTOLYSIS
Single UV flashes or flash trains with a duration of 1-10 s were applied to photolyze intracellular DM-nitrophen in an epi-illumination microscope arrangement and were generated with a frequency-tripled Nd:YAG laser (Surelite-II, Continuum, Santa Clara, CA; wavelength 355 nm; double-pulse mode, 20 ns each pulse, 40 ls separation, maximum energy 20.7 mJ). The UV-line of the laser beam was reflected by a series of 4 dichroic mirrors to remove infrared and green laser light. The beam was delivered to the epi-illumination port of the inverted microscope with a liquidlight guide; after reflection by a dichroic mirror the light passed through the microscope objective to generate a homogeneous illumination of the entire visible field.
VOLTAGE CLAMP AND DATA ANALYSIS
The I Na/Ca was recorded in the whole-cell configuration of the patch-clamp technique using an Axopatch-lD voltage-clamp amplifier (Axon Instruments, Foster City, CA) driven by a data acquisition board (software developed under LabView, both from National Instruments, Austin, TX) running on an Apple Power PC 8100/100 (Apple Computer, Cupertino, CA). Synchronization between the flash, control of the membrane voltage and the data acquisition and current measurements (digitized at 5000 Hz) was performed by triggering via an optical fiber. Micropipettes were pulled from filamented borosilicate glass capillaries (GC 150F, Clark Electromedical Instruments, Pangbourne, UK) on a horizontal puller (DMZ, Zeitz Instrumente, Augsburg, Germany) with a final tip diameter of 1-2 lM and a resistance of 1-2.5 MX. For I Na/Ca and L-type Ca 2+ current (I Ca-L ) measurements the pipette filling solution contained (in mM): CsAsp 120; TEA-C1 20; HEPES 20; K 2 ATP 5, CaCl 2 0.5; Na 4 -DM-nitrophen 2, pH 7.2 (adjusted with CsOH). Thapsigargin was purchased from Alomone Labs., Jerusalem, Israel. I Na/Ca was activated by means of a UV flash at )40 mV and the peak I Na/Ca amplitude was determined from the mean current value of five data points around the most inward current sample in the record (after baseline correction). Trains of L-type calcium currents were applied by depolarizing steps from )40 mV to 0 mV during 200 ms at a frequency of 1 Hz. Data were analyzed using Igor Pro software (WaveMetrics, Lake Oswego, OR) and results are expressed as mean ± SEM. Statistical analysis was performed by using an appropriate Student's t-test. Significance is given as P < 0.05 or < 0.1, as indicated in the figure legends. F max ; the photolytically triggered I Na/Ca (below; red: control; green: after 2 s; black: after 10 s) at )40 mV, and (right) the time course of fluorescence change (red) and the corresponding I Na/Ca block (black) during NBD-C 6 -HPC and NBD-C 12 -HPC (100 lM) superfusion. (Fluorescence increase: NBD-C 6 -HPC: s=13.06±3.1 s; NBD-C 12 -HPC: s=17.5±6.7 s) The data were fitted with a monoexponential function (mean ± SEM, n=7-10).
CONFOCAL MICROSCOPY
The setup for fluorescence measurements was based on a confocal laser scanning microscope (MRC 1000, Biorad, Glattbrugg, Switzerland). NBD-C 6 -HPC and NBD-C 12 -HPC were excited with the 488 nm line of an argon laser (Model 5000, Ion Laser Technology, Salt Lake City, UT) at 150 lW intensity on the cell. Fluorescence emission was detected at >525 nm. The intensity of fluorescence increase above background for each region of interest was divided by the maximal fluorescence giving the fluorescence ratio (F)F o )/ F max .
Results
LYSOLIPID SENSITIVITY OF Na
+ -Ca 2+ EXCHANGE CURRENTS Intracellular Ca 2+ jumps have been shown to activate the Ca 2+ efflux mode of NCX, thereby producing a net inward current (I Na/Ca , Niggli & Lederer, 1993) , such as the example recorded at )40 mV shown in Fig. 1A ,B. The rapid activation (2 ms) of I Na/Ca in response to the flash confirmed that the current was due to the photorelease from DM-nitrophen, followed by a more slowly activating component, resulting from Ca 2+ -induced Ca 2+ release (CICR; insets: expanded and superimposed I Na/Ca ). Figure 1A shows superimposed traces of I Na/Ca in control conditions and after 3 lM lysophosphatidic acid (LPA, C 18:0 ) treatment. LPA below the critical micelle concentration (Bergmann, Ferguson & Sobel, 1981) has been found to approximately double I Na/Ca after 90 s ( Like every transmembrane protein, NCX molecules could be affected by amphiphiles, such as shortor long-chain alcohols, fatty acids or phospholipids, by several fundamentally different mechanisms ( Fig. 1E ; for details see Discussion). In the present study, some of these potentially important mechanisms involved in NCX interaction were examined in more detail.
CORRELATION BETWEEN LIPID INCORPORATION AND TIME COURSE OF NCX BLOCK
For a less complex experimental approach and to separate biophysical from intracellular pathway interactions mentioned above, myocytes were incubated with 0.1 lM thapsigargin for 30 min to block the SR Ca 2+ pump and to exclude interference from CICR with the photolytically generated Ca 2+ concentration jumps (Kirby et al., 1992) . In addition, I Na/Ca measurements were combined with confocal microscopy experiments using fluorescently labelled phospholipid analogs presenting different chain lengths (NBDC 6 -HPC and NBDC 12 -HPC, Fig. 2A , B) to directly follow the uptake of these amphiphiles into the membrane. As shown in Fig. 2 , superfusion with 100 lM of the fluorescent lipid probes was followed by an increase in fluorescence preferentially located to the plasmalemma. Although both fluorescent dyes presented different carbon chain lengths (C 6 and C 12 ) when corrected for background fluorescence and normalized for the maximal intensity ((F)F o )/ F max ), the time constants for the uptake were comparable ( 15 s). Whereas the fluorescence started to increase with the beginning of the superfusion, the decline due to washout appeared to be delayed and the time to reach half-recovery was about 20-fold slower than for loading (time to reach half-recovery: NBD-C 6 -HPC: 350.5 ± 30.2 s; NBD-C 12 -HPC: 187.1±11 s). NBD-C 6 -HPC treatment exhibited significant time-dependent I Na/Ca inhibition of about 45% after 20 s (s 11.2 s, Fig. 2A ). In comparison, NBD-C 12 -HPC showed a less pronounced inhibition of about 15% after 20 s (s 22.5 s, Fig. 2B ). Although the absolute final concentration of each fluorescent dye accumulated in the membrane cannot be compared directly, the results suggest that the difference in chain length between NBD-C 6 -HPC and NBD-C 12 -HPC did not dramatically affect their ability and kinetics for the incorporation into the membrane. In addition, the time course of membrane fluorescence increase was similar to the time course of I Na/Ca inhibition for C 6 fluorescence phospholipid analogs. This suggests that incorporation of this amphiphile was, in fact, required before functional NCX block could occur. The long-chain phospholipid analog (C 12 ) exhibited a lower potency for I Na/Ca inhibition, associated with an extended time course for the I Na/Ca block.
In the following experiments, the time course and efficacy of I Na/Ca block induced by simple aliphatic amphiphiles and a divalent ion (Ni 2+ ) were used to distinguish between different biophysical interactions on NCX protein.
RAPID Na
+ -Ca 2+ -EXCHANGE CURRENT INHIBITION: NICKEL BLOCK Extracellular nickel is the divalent cation most widely used to block I Na/Ca (Kimura, Miyamae & Noma, 1997) . It is assumed that Ni 2+ blocks NCX function by binding to one of the extracellular cation binding sites on the protein, followed by suppression of Ionic: Positively charged C-7 Heptylamine 100 2.59 ± 0.84 mM, n = 11 1.7 ± 1.05/21.9 ± 6.8, n = 11 C-8 Octylamine 100 115 ± 23 lM, n = 6 4.9 ± 2.3/19.3 ± 4.7, n = 6 C-10 Decylamine 100 75.7 ± 1.9 lM, n = 10 2.7 ± 1.2/11.9 ± 5.1, n = 10 C-12 Dodecylamine 60.3 ± 11.5, n = 5 18.4 ± 3.45 lM, n = 10 74.6 ± 3.6, n = 5 # Ionic: Negatively charged C-7 Oenantic acid 100 0.29 ± 0.17 mM, n = 5 n.d. C-10
Caprinic acid 50.4 ± 7.2, n = 3
Heptanol 32.7 ± 7.5, n = 10 0.74 ± 0.10 mM, n = 10 48.7 ± 16.3, n = 5 electrogenic charge transport (Egger et al., 1999) . Under this assumption, the inhibition and recovery of I Na/Ca by Ni 2+ would therefore only be limited by the time for the exchange of the solution around the cell and inside the T-tubules (Blatter & Niggli, 1998) and thus the time-course of the Ni 2+ -induced NCX block can be assessed as a reference for rapid NCX interactions by direct Ni 2+ binding from the surrounding water phase. The use of UV-laser flash trains (1 Hz, Fig. 3A ) allowed us to conveniently examine the time course of the I Na/Ca block. Rapid superfusion (s of solution change < 300 ms) of 5 mM Ni 2+ completely and immediately abolished the inward I Na/Ca . The dose-response curve (IC 50 : 0.93±0.073 mM, n = 5-12) of Ni 2+ -induced I Na/Ca block is shown in Fig. 3B . Upon wash-out of Ni 2+ , I Na/Ca recovered rapidly with kinetics comparable to those observed during the onset of the inhibitory effect (s 200 ms). A similar dose-response and time course of inhibition was found for the L-Type Ca 2+ current (I Ca-L , IC 50 : 0.29 ± 0.014 mM, n = 5-14, Fig. 3 C,D) . Taken together, the kinetics of Ni 2+ -induced I Na/Ca block were found to be limited by the time required for solution exchange. Consequently, mechanisms that require incorporation of the inhibitory compound into the cell membrane would be expected to occur with a slower time course. Furthermore, wash-out of amphiphilic compounds incorporated into the cell membrane would also be expected to occur more slowly.
Na
+ -Ca 2+ -EXCHANGE CURRENT BLOCK BY SHORT-
AND LONG-CHAIN AMPHIPHILES -TIME COURSE OF INHIBITION AND STEADY-STATE DOSE-RESPONSE RELATIONSHIP
Because of the complexity of the potentially involved lipid signaling pathways, short-and long-chain amphiphiles with 7-, 8-, 10-and 12-carbon tails and with charged and uncharged head groups were used to explore their biophysical interactions with NCX protein (see Table 1 ). To assess whether amphiphiles required incorporation into the plasmalemma before exerting a blocking effect, the time course of the block and recovery of I Na/Ca were examined (Fig. 4) . Because we could not directly measure the membrane incorporation and washout of the non-fluorescent amphiphiles used, we relied on the L-type Ca 2+ current as a biological indicator for the interaction with the myocyte membrane. L-type Ca 2+ currents were found to be sensitive to all tested amphiphiles and were recorded during depolarizations to 0 mV (elicited at 1 Hz from a holding potential of )40 mV).
Examples for the I Na/Ca and I Ca-L inhibition induced by 5 mM heptylamine and 100 lM decylamine are shown in Fig. 4Aa and Fig. 4Ab , respectively. Whereas heptylamine completely blocked I Ca-L , it inhibited I Na/Ca by about 60% after 4 s of superfusion. Recovery was noticeable for both I Na/Ca and I Ca-L . Similar effects were also observed with the application of 100 lM decylamine. It should be noted that recovery of the I Na/Ca current traces was incomplete because of the photoconsumption of DMnitrophen ( 7% by each flash on our set-up; Egger & Niggli, 2000) . This peculiarity of flash photolysis renders the analysis of the very slow time-course of recovery difficult, because it occurs in the same time window. However, the slow recovery of the I Ca-L recorded in parallel experiments suggests that both, heptylamine and decylamine, were incorporated into the cell membrane. Fig. 5A shows that increasing the decylamine concentration from 1 lM to 1 mM increased the inhibitory effect on I Na/Ca but also strongly reduced the time to reach steady-state inhibition. Representative traces for the I Na/Ca steadystate inhibition are shown in Fig. 5A . At a concentration of 1 lM, decylamine showed no effect on I Na/Ca up to 100 s after exposure. However, significant inhibition was found with 10 lM after 20 s ( 11%) and was about 42% after 100 s. For concentrations of decylamine of 0.5 mM and 1 mM, I Na/Ca was blocked by 92 % after 8 s and by 98 % after 6 s, respectively. Depending on the concentration, a biphasic I Na/Ca block was observed (rapid component s < 5 s; slow component s > 5 s). However, the time course for the rapid I Na/Ca block ( 47% after 2 s superfusion of 1 mM decylamine) was slower than the Ni 2+ -induced NCX block. The time course of I Na/Ca inhibition is summarized in Table 1 . Compared to the C 7 amine, the time course for I Na/Ca inhibition induced by the C 12 amine was three times slower. In addition, no fast component was observed. Although the non-ionic alcohols showed only modest I Na/Ca block, the C 8 alcohol exhibited a faster s for I Na/Ca inhibition than the C 7 alcohol. Irrespective of the concentration used or the degree of steady-state inhibition reached, after normalization recovery from block occurred with a very similar mono-exponential time course (s 23 s, Fig. 4C ).
Steady-state dose-response curves of the inhibition of I Na/Ca by amphiphiles with tails of 7 and 10 carbons and with non-ionic or negatively charged head groups are shown in Fig. 5B (heptanol, heptylamine) and Fig. 5C (decanol, decylamine) . At a concentration of 10 mM, heptanol exhibited a maximal inhibition of I Na/Ca of about 33 %, whereas heptylamine completely blocked NCX current with the same concentration (Fig. 5A,B) . In contrast to positively and negatively charged amphiphiles, which effectively blocked I Na/Ca , non-ionic amphiphiles (heptanol, octanol, decanol and dodecanol) exhibited a small or even no inhibitory effect on I Na/Ca (Fig. 5B, Table 1 ). The efficacy of short-and longchain amines (heptylamine, octylamine, decylamine) increased with the carbon chain length (Table 1) .
However, a cut-off in efficacy for the inhibition of I Na/Ca was found for the long-chain C 12 amine. Dodecylamine was less potent than decylamine and inhibited I Na/Ca about 60%. For the negatively charged amphiphiles tested, the short-chain oenantic acid was more potent than the long-chain lauric acid ( 66%).
TRANSBILAYER MOVEMENT OF FLUORESCENT PHOSPHOLIPID ANALOGS
The observed cut-off effect of the C 12 amphiphiles could suggest that the transbilayer movement (''flip'') of the amphiphiles is an important step before they can exert their blocking effects on NCX from the inner leaflet of the membrane. This hypothesis was examined in another series of experiments using the phospholipid analogs NBD-C 6 -HPC and NBD-C 12 -HPC. Like other short-chain amphiphiles NBD-C 6 -HPC could penetrate the membrane much faster than the longer NBD-C12-HPC, even if both also have a C16 moiety, and thus could affect NCX from the cytosolic side of the membrane. Here we used the fluorescence increase in intracellularly located membranes after 60 min at 37°C as an indicator for the transbilayer movement of the fluorescent phospholipid analogs. In the experiment shown in Fig. 6A the cells were exposed to 50 lM NBD-C 6 -HPC or NBD-C 12 -HPC, respectively. In contrast to NBD-C 6 -HPC-treated myocytes (Fig. 6Aa) , where the whole cytoplasm showed fluorescence, in NBD-C 12 -HPC-treated cells the fluorescence preferentially remained in the plasmalemma (Fig. 6Ab) . We hypothesized that the C 6 dye could exert its inhibitory effect on NCX from the inner leaflet of the membrane, because it has a higher ability for transbilayer movement compared to the C 12 dye. To test this hypothesis, we introduced 10 lM NBD-C 6 -HPC or NBD-C 12 -HPC in the pipette solution. Both phospholipid analogs have the tendency to accumulate in the cell around the region near the tip of the pipette, presumably by binding to organellar membranes. For that reason we loaded the cell with the fluorescent analogs by moderate pressure injection in the whole-cell configuration of the patch-clamp technique. After 2-3 min of loading, both dyes significantly blocked the I Na/Ca (Fig. 6Ba) . Representative traces are given in Fig. 6Ba and the experimental series is summarized in Fig. 6Bb . Interestingly, NBD-C 12 -HPC inhibited I Na/Ca to about 90%, whereas the NBD-C 6 -HPC-induced I Na/Ca block was only about 57%. Thus, the potency of the two dyes was opposite when applied intracellularly. This discrepancy in potency can be explained by the observed differences in transbilayer movement properties of both dyes when applied extracellularly.
MOLECULAR MECHANISMS OF NCX BLOCK
Among the amphiphiles tested in this study, longchain amines (C 10 ) were found to be the most powerful blocking lipids. For this reason, we decided to examine the mechanisms of block by decylamine in more detail. In principle, I Na/Ca can be blocked pharmacologically by interfering with different molecular mechanisms. A blocker could either completely immobilize a certain fraction of the exchange proteins, or the inhibitor could interfere with one partial reaction step of the exchange cycle, essentially slowing down the turnover of individual molecules. In the first case the remaining unblocked exchanger molecules would be expected to exhibit a normal exchange cycle, while in the latter case rate-limiting partial reactions could change, possibly leading to an alteration of the voltage-dependence (Hilgemann, Feng & Nasuhoglu 1991 , Niggli & Lipp, 1994 . In order to determine the voltage dependence of the Na + -Ca 2+ exchanger, we analyzed peak I Na/Ca elicited by flash photolytic [Ca 2+ ] i jumps performed in the voltage range from )80 mV to + 20 mV before and during a 50% block of I Na/Ca induced by 20 lM decylamine (Fig. 7A) . Although NCX activity was clearly reduced by decylamine, the peak I Na/Ca had a tendency to be larger at more negative potentials, irrespective of the decylamine block. After normalization, the I Na/Ca -V curves measured during application of 20 lM decylamine could be superimposed on the control data (Fig. 7B) , confirming that the currentvoltage relationship was not affected by the interaction of the amphiphile with the exchanger (82 mV vs. 97 mV for an e-fold change before and during block, respectively). We also calculated the charge transport mediated by NCX from the integral of the I Na/Ca under control conditions and under 50% block of its function induced by 20 lM decylamine (Fig. 7C) . One example is given in Fig. 7C . It was a pre-condition for all these experiments that the intracellular Ca concentration jumps induced by flash photolysis of caged Ca 2+ were of comparable amplitude, in other words there were comparable substrate concentrations accessible for the NCX under all conditions. In addition, for analysis of the charge transport, I Na/Ca has also to be normalized to the membrane capacitance. From this analysis it became clear that the I Na/ Ca block by decylamine slowed the time course but did not significantly reduce the magnitude of NCX net charge transport (Fig. 7D) .
Additional mechanistic information about the NCX block can be obtained under NCX Ca 2+ -influx mode conditions. However, there is a possibility that depending on their charge, amphiphiles could block the inward currents but stimulate the outward currents. This could also explain differing observations in vesicle preparations or in giant-patch experiments, where negative amphiphiles tend to stimulate exchange activity (Philipson, 1984; Vemuri & Philipson, 1988; Hilgemann & Collins, 1992) . Here we used the Ca 2+ -influx via the exchanger as a direct measure for the NCX activity working under outward current conditions. The NCX Ca 2+ -influx mode was activated by a depolarization step from ) 40 mV to + 60 mV for 2 s in the presence of 10 lM nifedipine (Fig. 8A) , while the fluorescence change was detected with the Ca 2+ indicator fluo-3. The resulting Ca 2+ transient was completely blocked by 8 mM Ni 2+ , indicating that it was exclusively driven by the NCX and was used for normalization. In the presence of the positively charged decylamine (2 min, 20 lM) as well as with the negatively charged amphiphile caprinic acid (2 min, 500 lM) the NCX-mediated Ca 2+ influx was reduced by 44% and by 54%, respectively (Fig. 8B) .
Discussion
It has been suggested that changes in the lipid composition of cardiac muscle cell membranes are causally related to the development of arrhythmias and the extent of ischemic damage (Corr & Cain, 1979) . As a major mechanism by which lipids generate these effects, alterations of the movement of Ca 2+ through Ca 2+ channels, NCX and Ca 2+ transporters have been proposed. Several lines of evidence indicate that the cardiac Na + -Ca 2+ exchange activity (e.g., I Na/Ca ) could be affected by changes of the lipid membrane environment (Vemuri & Philipson, 1988; Hale et al., 1988; Luciani et al., 1991; Hilgemann & Collins, 1992 , Collins & Hilgemann, 1993 . We hypothesized that blocking or stimulating effects of lipids on the NCX may be mediated by biophysical interactions with the NCX molecule from the inner leaflet of the membrane (see Fig. 1C ). To test this hypothesis, NCX currents were elicited in a highly specific manner by photorelease of ''caged'' Ca 2+ (Niggli & Lederer, 1993) in combination with fluorescent phospholipid analogs and various aliphatic amphiphiles as potential modulators of the NCX activity.
In principle, amphiphiles could directly and rapidly alter the properties of the protein without prior incorporation into the cell membrane. For all other possible mechanisms of interaction, including local changes in electrical charges around the protein (e.g., by Ca 2+ or Na + ), such an incorporation is required. Similarly, for an electrostatic interaction of the head group with the tansmembrane domain of the protein, incorporation is a prerequisite. Moreover, all these mechanisms involving prior membrane incorporation of the lipid can also occur at the inner leaflet of the bilayer after a transbilayer flip catalyzed by a lipid translocase (or flippase). Some of these mechanisms are known to be important for lipid interactions with other transmembrane proteins, for example for the interaction between acylcarnitine and K + channels (Lamers et al., 1994) .
DIRECT INTERACTION
One example of direct block of NCX is exemplified by the Ni 2+ application. It is assumed that the Ni 2+ block of the exchanger is immediate and only limited c by the rate of delivery by the superfusion system (Egger et al., 1999) . Indeed, under our experimental conditions this appears to be the case within the time resolution of our measurements. The comparison of the time course of I Na/Ca block mediated by Ni
2+
with the time course of block induced by amphiphiles allowed us to distinguish between blocking effects mediated by direct binding on the exchanger protein and those requiring prior incorporation into the membrane. This is true under the assumption that incorporation of amphiphiles is slow compared to ''on'' rate of amphiphile binding.
INCORPORATION
Since for all amphiphiles used in this study, the time constant of I Na/Ca inhibition was found to be significantly longer than for the Ni 2+ -induced I Na/Ca block, we conclude that the slow I Na/Ca block requires incorporation of the amphiphiles into the membrane. Several additional observations support this hypothesis: We noticed that the I Na/Ca recovery appeared to be much slower than the time course of inhibition. In parallel, the time constant of the NCX inhibition became smaller when the concentration was elevated. According to this, the slower time course observed with low concentrations could be due to the time necessary to attain a sufficiently high amphiphile concentration in the plasmalemma. Depending on their structure and on the composition of the membrane, not all amphiphiles incorporate identically and their final concentration reached within the membrane strongly depends on their hydrophobicity. This has been demonstrated for short-chain aliphatic alcohols, where the hydrophobicity and membrane integration directly correlate with the octanol/water partition coefficient (McKarns et al., 1997) and allows an approximate comparison of amphiphiles with different chain lengths. Two examples are given in Fig. 5B and Fig. 5C (dotted lines) where the doseresponse curves are accordingly shifted to the right, indicating that, e.g., decylamine, where the shift is greater, incorporates more easily than heptylamine. This could account for the greater effect of decylamine on I Na/Ca as well as on I Ca-L . Confocal microscope experiments with fluorescent phospholipid analogs showed that the I Na/Ca inhibition correlates with the incorporation of the dye into the sarcolemma ( Fig. 2A) . However, it can be assumed that the I Na/Ca lock is not a linear function of the amphiphile concentration, therefore we do not expect a perfect correlation between the fluorescence increase and the current decrease. Taken together, our results suggest that the I Na/Ca inhibition mediated by longand short-chain amphiphiles requires incorporation into the plasmalemma. However, this step alone cannot explain all features of NCX inhibition induced by amphiphiles observed in this study.
HEAD-GROUP EFFECTS
When comparing the potency and efficacy of different amphiphiles, it turned out that the structure or the charge of the head group were important determinants for the block of I Na/Ca . At a pH of 7.4, amine head groups are positively charged (+1), whereas alcohols are neutral. On amphiphiles of identical chain length the cationically charged amine head group was more potent than the anionically charged group or the uncharged alcohol head group. This suggests that the electrical charge of the head group could be a determinant for the blocking effect on NCX. The differential block of I Na/Ca by amphiphiles with dissimilar head-group charge is in agreement with results obtained in cardiac sarcolemmal vesicles (Philipson et al., 1984) and in rat cardiac muscle cells (Haworth, Goknur & Berkaff, 1989) . In contrast to findings in cardiac sarcolemmal vesicles (Philipson et al., 1984) , stimulation of NCX inward current due to application of negatively charged amphiphiles was not observed. This may be because of the two very different functional tests of NCX activity applied in both studies, which makes it difficult to compare the observations directly (see also Discussion below).
ALIPHATIC CHAIN-LENGTH EFFECTS
Nevertheless, based on our data we cannot exclude that structural features of the head group other than the charge are also important. In addition to differences observed with specific head groups, our results suggest that the number of carbon atoms of the aliphatic chain is important for the mechanism of block of the net charge transport. The efficacy of positively charged amphiphiles for inhibition of I Na/Ca appears to increase with the carbon-chain lengths. This can be explained, at least partly, by the correlation of the hydrophobicity of these short/long-chain amphiphiles (C 7 to C 10 ) and their ability to alter physico-chemical membrane properties. Interestingly, a cut-off of this correlation was found with C 12 amines. Moreover, non-ionic amphiphiles (alcohols) with long hydrocarbon chains were found to be inefficient as I Na/Ca blockers. For amphiphiles with comparable hydrophobic characteristics similar non-specific ''membrane detergent effects'' on the NCX might be expected. However, this is not the case and amphiphiles with comparable chain length induce graded effects on NCX function, which vary from complete block to no-response. This tends to support the idea that amphiphiles directly affect NCX molecules and makes indirect interactions by amphiphiles unlikely, particularly ''detergent'' effects or effects on the membrane fluidity, which may also be able to affect NCX function and results.
TRANSBILAYER MOVEMENT Short-chain alcohols are relatively small molecules consisting of a polar, hydrophilic hydroxyl group and a nonpolar, hydrophobic hydrocarbon chain that has a high affinity for biological membranes. The transbilayer movement of these short-chain alcohols is expected to be faster than charged amphiphiles (e.g., amines). However, the extent to which efficient NCX block occurs probably depends on the readiness with which the amphiphiles penetrate the membrane. This view is supported by our experiments using the fluorescent phospholipid analogs NBD-C 6 -HPC and NBD-C 12 -HPC, where the C 6 analog was found to have a higher efficacy to block I Na/Ca than the C 12 analog, when both were applied from the extracellular side. Surprisingly, this behavior was reversed when the dye was delivered to the cell interior via the patch pipette. In these experiments, the C 12 analog was the more potent NCX blocker. The more efficient NCX block by the C 6 analog applied extracellularly could be due to its faster transbilayer movement. On the contrary, the higher efficacy for NCX inhibition induced by the C 12 analog when delivered from the cytoplasmic side, could be due to its higher hydrophobicity. Thus, interactions at the inner leaflet of the membrane appear to be responsible for the blocking effect on NCX function. These observations suggest that membrane incorporation of the amphiphiles and their ability to undergo transmembrane movement are important determinants for interaction with NCX and for high efficacy of I Na/Ca inhibition. A central observation was that, depending on the structure, charge and concentration of the amphiphiles, I Na/Ca was inhibited (Fig. 4, Table 1 ). In principle, a decrease in total I Na/Ca could result from (error bars represent mean ± SEM, n = 3-6, **P < 0.05, *P < 0.1).
(1) a reduced number of active NCX molecules, (2) a lower turnover rate of the ion exchange mechanism or (3) an altered stoichiometry or electrogenicity of the Na + -Ca 2+ exchange. Since the voltage-dependence of NCX is believed to be intimately linked to the rate-limiting membrane-crossing partial reaction of the exchange cycle, any modification of a specific partial reaction influencing the rate-limiting step would be expected to result in a change of the overall voltage-dependence of transport and I Na/Ca (Hilgemann, Nicoll & Philipson, 1991 , Rakowski, 1993 . However, modifications of very rapid partial reactions, such as ion binding, may not result in detectable changes of the voltage dependence. Although 18 lM decylamine inhibited NXC activity by 50%, the voltage dependence of I Na/Ca remained virtually unchanged (Fig. 7B) . Since the amount of photo-released Ca 2+ does not vary significantly from flash to flash, the net charge transported during I Na/Ca should remain unchanged, even if the turn over rate of the exchange cycle was slowed down. The net charge transport can be estimated by numerical integration of the I Na/Ca (Fig. 7C ). Although this is not very reliable under conditions where I Na/Ca is small, this analysis suggested that NCX net charge transport was not significantly affected by decylamine (Fig.7D) . We have also shown that the Ca 2+ -influx mode was not affected differently than the Ca 2+ -efflux mode under conditions where the net charge was blocked by about 50%. For all positively as well as negatively charged amphiphiles tested, the Ca 2+ -inward mode as well as the NCX-outward mode were both blocked in a quantitatively comparable fashion (I Na/Ca 50% block versus Ca 2+ influx block 44-54%, respectively; Fig. 8 ). All three findings, the unchanged net charge transport, the block of the Ca 2+ -influx accordingly to the block of net charge transport, as well as the unaltered I-V relationship of I Na/Ca suggest that a reduced number of active NCX molecules (or a reduced turnover rate) rather than a change in stoichiometry are responsible for reduction of I Na/Ca .
RELEVANCE
The inhibitory effect of amphiphiles increased in parallel with the length of the aliphatic chain ranging between C 7 to C 10 and was more potent with an amine head group than with an alcohol. The cut-off in NCX inhibition by the long-chain cationic amphiphile (C 12 ), the analysis of the time course of NCX block and comparison with the Ni 2+ -induced NCX inhibition suggest that amphiphiles need to be incorporated into the plasmalemma followed by transbilayer movement to the inner membrane leaflet to effectively block the NCX. However, it remains open whether the effect is related to interactions of the amphiphiles with a hydrophobic domain of NCX or with other associated proteins. This conclusion is supported by confocal experiments showing the correlation between time course of incorporation of fluorescent phospholipid analogs and I Na/Ca inhibition.
Interestingly, chain length-dependent differences in their efficacy to block NCX function were reversed when the dye was directly applied intracellularly, again supporting the flip hypothesis mentioned above. So far we are not yet able to identify the precise molecular interaction occurring in the inner leaflet of the membrane. But we favor the view that both, hydrophobic and electrostatic interactions, are important factors for NCX modulation and/or regulation by amphiphiles. We also speculate from our experiments and from other studies that similar mechanisms are most likely important during alterations of the NCX in ischemia and reperfusion, where the lipid environment is perturbed (Corr et al., 1979; Vemuri & Philipson, 1988; Hale et al., 1998; Collins & Hilegemann, 1993; Luciani et al., 1991) . However, the exact role of NCX in cardiac ischemia remains unclear and contradictory results (e.g., Hampton et al., 2000; Elias et al., 2001 ) may depend on the animal model and the functional test for NCX activity. It has been observed on sarcolemmal vesicles (Philipson et al., 1984) that LPC decreased I Na/Ca , whereas LPA increased it. Effects of LPA and LPC on I Na/Ca reported in our study can be due to changes of Ca
